A multimode transmission combines several power-split modes and possibly several fixed gear modes, thanks to complex arrangements of planetary gearsets, clutches and electric motors. Coupled to a battery, it can be used in a highly flexible hybrid configuration, which is especially practical for larger cars. The Chevrolet Tahoe Hybrid is the first light-duty vehicle featuring such a system. This paper introduces the use of a high-level vehicle controller based on instantaneous optimization to select the most appropriate mode for minimizing fuel consumption under a broad range of vehicle operating conditions. The control uses partial optimization: the engine ON/OFF and the battery power demand regulating the battery state-of-charge are decided by a rulebased logic; the transmission mode as well as the operating points are chosen by an instantaneous optimization module that aims at minimizing the fuel consumption at each time step. The controller is then implemented in a Simulink/Stateflow controller that can be used in Argonne's PSAT (Powertrain System Analysis Toolkit), a forward-looking powertrain simulation toolkit with dynamic plant models. As a result, the controller described in this paper is realistically implementable on an actual vehicle. Simulation results show the mode use and describe the practical operations of the system.
INTRODUCTION
Hybrid Electric Vehicles (HEV) use an internal combustion engine as their primary source of power, but also feature an electric system -motor(s) coupled to a battery -acting as an energy buffer, allowing to avoid some of the most inefficient operations experienced by conventional vehicles, including braking, low speed driving and idling. Several configurations are possible, though one of the earliest and most commercially successful systems has been the power-split, as used on all three generations of the Toyota Prius, other Toyota/Lexus models, as well as on the Ford Escape. Its name refers to the engine power split: part of the engine energy is converted to electricity before reaching the wheels. The power split system uses a planetary gearset and two electric motors. Because the engine speed can be decoupled from the vehicle speed, the power-split system is also called a Single Mode Electric Variable Transmission (SMEVT) or simply EVT. The SMEVT comes, however, with some limitations. For larger cars and trucks, the electric motors need to be significantly oversized in order to meet common requirements. Furthermore, its system efficiency varies depending on the level of recirculation -the conversion of engine power into electricity and then back to mechanical power. Those drawbacks can be addressed by combining several modes into one Multi-Mode EVT (MMEVT), thereby increasing the number of mechanical points and allowing greater operation flexibility. A MMEVT can combine several power-split or EVT modes and several fixed gear modes [1, 2] . Multimode transmissions were first introduced by General Motors on transit buses in 2003, and in 2007 in the Chevrolet Tahoe Hybrid [3] .
A practical approach to hybrid controls is to use intuitive or analytical rules; the tuning of which can be optimized by various methods. In the case of the 2004 Toyota Prius, the propulsion control is driven by three main principles: the engine is turned ON or OFF based on the estimated driver power demand; when ON, the engine is operated along its peak efficiency curve; the battery State-of-Charge (SOC) is regulated by charging from the engine or discharging into the wheels [4] . In a MMEVT, there are more degrees of freedom and a rulebased approach would require not only a thorough knowledge of the system, but also some intuition or databased knowledge of the type of control that works best in each of the identified operating conditions. Adapting such a control to another multimode configuration would also require rethinking most of it. Instantaneous optimization is an implementable solution that uses quantitative criteria to take decisions: at each time step, all possible control decisions are compared against each other and the "best" one is chosen. One common approach to instantaneous optimization is the Equivalent Consumption Minimization Strategy (ECMS), which optimizes the control at each time step based on a cost function that combines fuel and electric power. This was applied to simpler configurations, such as parallel [5, 6, 7] . This method still requires parameter tuning in order to ensure proper SOC balance and drivability. In the particular case of a MMEVT, another method using offline optimization, which allows for building maps that can be used for gear selection, was applied to a backwardlooking model [8] . In this study, we explore a partially optimized control that relies on both rule-based controls and instantaneous optimization and that is implementable in a real-world vehicle.
In the first part, we introduce the Chevrolet Tahoe Hybrid system used in the study, as well as the modeling environment, the forward-looking Powertrain Analysis System Toolkit (PSAT) [9, 10] developed at Argonne National Laboratory. We then present the equations used in the control and analyze the degrees of freedom. A model of the Tahoe Hybrid has already been developed [11] . In the third part, we present the implementation in the Simulink/Stateflow-based PSAT environment. Finally, the simulation results show how the vehicle operates on duty cycles.
DESCRIPTION OF THE TWO-MODE HYBRID SYSTEM

THE 2-MODE TAHOE HYBRID
In 2007, General Motors introduced the Chevrolet Tahoe Hybrid, the first full-size hybrid SUV. It features an exclusive "2-mode" transmission (GB) that includes two electric machines (EM1 and EM2), three planetary gear trains, and four clutches. It has all the advantages (all-electric mode, regenerative braking, torque assist, etc.) of a full hybrid vehicle, yet preserves the towing capacities of the conventional version. The stick diagram in Figure 1 provides a schematic view of the transmission. The main vehicle characteristics are summarized in Table 1 .
The two-mode transmission can operate in 6 different modes. Two of them are power-split, i.e. the engine power is split between a mechanical and an electrical path; one of them is an input split, while the other is a compound split. The input split mode in particular offers the ability of an all-electric mode. One of the main characteristic of a power-split mode is that the engine speed can be decoupled from the vehicle speed, and depending on the engine-to-vehicle speed ratio there is more or less power-split or recirculation -when part of the engine energy is converted to electricity before reaching the wheels. When operated in any of the four fixedgear mode, the vehicle is comparable to a parallel pre-transmission HEV: in each one of them, there is a fixed ratio between the transmission output speed and the components speeds. Because there is more than one power split mode, there are several mechanical points, reducing the need for inefficient recirculation. The fixed gear modes on the other hand are essential in towing and grade conditions because the vehicle can then rely on its engine alone, -avoiding electric component overheat. In the Chevrolet Tahoe, the transmission is coupled to a 6L V8 engine (ICE) that features cylinder deactivation, which further improves the fuel efficiency of the vehicle. PSAT is a forward-looking modeling tool that can simulate a broad range of powertrain configurations. The driver model computes the torque demand needed to meet the vehicle speed trace. The torque demand is interpreted by a high-level controller that computes the components' torque demands while ensuring the system operates within its constraints. The component models are based on existing component test data (e.g. fuel rate as a function of engine speed and torque) and include inertia and time response. The structure of the model is therefore a good representation of the physical system as well as of its chain of command, i.e. the driver at the source of the target definition.
The Tahoe 2-mode PSAT model used for this study was introduced at the SAE 2009 World Congress [11] which validated the model based on results from tests performed at Argonne. In particular, the engine map was built using response surface methodology applied to experimental data. The transmission plant model includes all 6 modes.
DEFINING THE CONTROL PROBLEM FOR A MMEVT
EQUATIONS
In order to properly select or compute the torque demands, the controller needs to use equations that describe the operations of the system and liken the states and demand outputs. They are a simplified version of the more complex ones embedded in the plant models to provide ease of use. For example, mechanical transmission losses and inertia effects are omitted.
The battery is connected to both electric machines, as well as to the electric accessories. Each electric machine input power ( and ) is a function of its torque and speed ( , and , ). That function is generally given by a look-up table. Equation (1) describes the relationship among torques, speeds, battery power and electric accessories power .
In the case of a fixed gear mode, the speed and torque relationships are similar to those of a classic multispeed gearbox. They are given by equations (2) and (3), with / being the output torque/speed of the transmission, / the engine torque/speed, and Y the multiplication ratio for component ( can be the engine or either electric machine), as depicted in Appendix Figure 1 .
In the case of an EVT mode, the generic relationship between the torques and speeds is given by equations (4) and (5), just using four simplified factors , , and that are specific to mode . The ratios are defined in Appendix Figure 1 , as well as in Appendix Table 1 and Appendix Table 2 . 
IDENTIFICATION OF DEGREES OF FREEDOM
The control of a hybrid vehicle can be summarized as finding the power split between mechanical components (ICE, EM1, EM2) that meets the driver torque request at the current speed of the vehicle, while maintaining acceptable battery state-of-charge.
From a controller point of view, the driver torque demand is known, as well as the states of the system, i.e. vehicle speed and state-of-charge . Because the vehicle speed is directly proportional to the gearbox output speed , the latter variable is used from now on in this paper. The driver torque demand can be reported at the gearbox output, displayed with the symbol @ . The output torque can be considered equal to the driver's demand since it is one of the targets to reach:
Degrees of Freedom in a Fixed Gear Mode
In the case of a fixed gear mode, the components speeds are given by the gearbox output speed, as shown by equation (3) . The output torque is a linear combination of the engine's and both electric machines' torques -cf. equation (2) -and is also given known through equation (6) .
Consequently, there are 2 degrees of freedom. One natural variable to control is the battery power, since the SOC balance is one of the constraints the controller needs to follow. To introduce it as one of the degrees of freedom and starting from equation 1, let us introduce the fraction of total electric machines electrical input used by EM1: ,
, 1
As long as is not zero, the function , is easily invertible. Therefore, the knowledge of and also fully defines the system, and those variables can be used as commands.
Degrees of Freedom in an EVT Mode
In an EVT mode, the equations (4) and (5) can be solved when there is the additional knowledge of two variables, e.g. engine speed and torque. Similarly to a fixed gear mode, this information is enough to deduct the battery power. However, it is not possible to easily introduce battery power as a command variable because the speeds are no longer independent from the command variables. We will see further on that it is still possible to use battery power indirectly through look-up tables.
Summary of Degrees of Freedom
The mode also represents a degree of freedom, and its choice is probably the most important challenge in the control of the MMEVT. As is the case for most hybrids, the engine can be running or shut down throughout the trip; therefore, the engine state (ON or OFF) is another degree of freedom. Table 2 summarizes the degrees of freedom of the system as well as the states, constraints and outputs of the controller. 
CHOOSING THE APPROPRIATE CONTROL
In an optimal controller, there needs to be a quantitative criterion for the controller to make its decision automatically. This is generally an objective or a cost function. In the case of a HEV, the variable to minimize is naturally the fuel use, as it is the primary source of energy of the vehicle (i.e. the only energy for which the user has to pay). However, this cannot come at the cost of a depleted battery which is only an energy buffer and whose level must be the same at the start and at the end of the cycle. Therefore, the objective function is the fuel use over the whole cycle, with a constraint on the SOC level, and the fulfillment of the driver torque demand. The optimal command is the command that minimizes the integral over the whole trip of the engine input (fuel) power and that ensures same initial and final SOC ( and respectively). See equation (9), with X being the state of the system.
Equation (9) can be solved a posteriori, with the knowledge beforehand of the trip -this is a common application of dynamic programming. It cannot be solved on the go because at any given time, future driver requests are not known.
An alternative is instantaneous optimization, in which the minimization of a cost function is done at each time step; see equation (10) . This method will not necessarily find the global optimum, i.e. over the whole trip, but nevertheless has the potential to bring improvement over a rule-based control.
, argmin
In a "full" instantaneous optimization methodology, all degrees of freedom are resolved by the optimization module: engine start/stop and mode and operating points for the components. The instantaneous cost function cannot be only the engine input power (or fuel power), because a "free" discharge of the battery would always be preferred to an "expensive" use of fuel energy, leading to low levels of SOC. As a result, the cost function has to somehow integrate the battery power; see equation (11) . The challenge is to define the equivalence factor α, which has a major impact on the battery SOC management. Moreover, drivability may also be difficult to ensure (engine ON/OFF). In various studies [5, 6, 7] using this kind of optimization, it was necessary to tune the equivalence parameter, while the hybrid system was simpler. One can envision the need for rules, timers, penalties, and other controller artifacts to ensure drivability and SOC balancing for a broad range of real-world conditions.
, , ,
While the "full" instantaneous method has some potential, we decided on an intermediate approach that combines rule-based control with instantaneous optimization. The engine ON/OFF and battery SOC controls are defined by typical rule-based controls that can be adapted from existing HEV controllers. As a result, the battery SOC balancing is no longer an issue and can be taken out of the cost function. The cost function to minimize at each time step is simply the engine input power (proportional to the fuel rate); see equation (12).
Because of the combination of rule-based control and instantaneous optimization, this type of control can be called "partial" instantaneous optimization.
IMPLEMENTATION OF PARTIAL INSTANTANEOUS OPTIMIZATION
THEORETICAL CONSIDERATIONS
Engine ON/OFF and battery power demand are defined by a rule-based control, which consequently removes two degrees of freedom.
Fixed-gear Mode
In a fixed-gear mode, the only degree of freedom is the battery demand power split between both electric machines ( : either one can be used, or both can be used at the same time. Since electric machine efficiency is generally better for higher torques, operating only one motor will probably lead to the optimal split when the speeds are the same (gears 1 and 3, i.e. modes 3 and 5). When speeds are different (gear 2 i.e. mode 4), the electric machine with the highest speed is selected. We assume hereafter that 1 for modes 3 to 5 (fixed gears 1 to 3) and 0 for mode 6 (fixed gear 4); see equation (13), being the mode. 
The cost function for a fixed gear mode is the engine fuel power for such a combination of engine speed and torque that verifies electric and mechanical equations, using only one EM, and drawing the battery power defined by the rule-based control); see equation (14).
EVT Mode
In EVT mode, it is not possible to make similar simplifications, because the nonlinear electric power equation comes into play with non-fixed component speeds. When one variable (e.g., engine speed) is given, it is possible to numerically solve the problem. The cost function in an EVT mode is the minimal fuel power for all possible combinations of engine speed and torque for that given mode and that draw the battery power defined by the rule-based control, while meeting the driver's request ; see equation (15).
General Case Therefore, the optimization problem consists of finding the optimal mode that minimizes the cost function, i.e. the fuel rate at a given time t, as described by equation (16):
This optimal mode is used only when the engine is ON. When it is OFF, there is no need for optimization, since there are no degrees of freedom.
GENERAL ORGANIZATION
The high-level controller contains several blocks associated with specific functions that can be grouped in five groups (the capital letters A, B, etc. refer to the block name in Figure 2 ):
Pre-processing functions. In the driver command (A), the driver inputs are processed into signals used by other functions. All the constraint signals sent from the components' low-level controllers are fed into the Constraints block (B), so that mixed constraints can be computed.
Hybrid functions. Those functions deal with the specifically hybrid part of the system, i.e. the engine ON/OFF logic (D), and the battery SOC control (C).
Optimization module (E)
. In this module, the cost function, target speeds, and torques are computed for each mode and compared against those of the current mode. This makes the core of the optimal control.
Mode selection (F).
On the basis of the cost functions computed in the optimization module, the gear is selected.
Final torque computation. In the propelling torque calculation block (G), the torque demand for each component when in propelling mode is computed based on the targets from the optimization module. The braking torque block (H) computes the electric machines' and friction brakes' torques when in braking mode, while the final split block (J) selects the appropriate torque demand (propelling or braking). 
HYBRID OPERATIONS FUNCTIONS
The hybrid operations functions are the rule-based part of the optimal controller. Based on rules commonly used for HEV control and that are not configuration specific, their role is to compute the engine ON/OFF demand signal as well as the battery power demand needed to keep the SOC balanced.
Engine ON/OFF
The engine is turned ON when the electric torque is insufficient to remain in EV mode or if the battery SOC is too low. However, the most common reason for the engine to turn ON is when the driver power demand is higher than a power threshold (and is not decreasing) and the engine has been OFF for a minimum time.
Alternatively, the engine is generally shut down because the driver power demand gets below a certain threshold while it has been ON for a minimum time. The other necessary conditions are that the EV mode is possible (electric torque available and SOC not too low) and the vehicle speed is not too high. 
SOC Control
The SOC control is mainly done through a proportional/integral (PI) power gain: given the difference between target SOC and current SOC, a PI control outputs a power demand that is later used to compute the component torques. Furthermore, a proportional gain defines the engine ON and OFF thresholds based on the difference between target SOC and current SOC. Thus, when the battery SOC is lower than the target, the engine will be started "earlier" (i.e., for lower levels of driver power demand). As a result, less electrical energy will be discharged, which, combined with regenerative braking, may lead to a net SOC increase in a short-term time frame. Finally, a hysteresis-type of control sets discrete battery levels (low, normal, or high) that will make some decisions possible or not (e.g., engine cannot shut down if the battery SOC level is low).
OPTIMIZATION MODULE General Organization
The optimization module's principal role is to compute the cost associated with each mode (i.e., compute the minimal fuel power associated with each mode) and verify whether each mode is possible. To perform these calculations, the operating points of each component are computed. Those targets are later reused in the propelling controller, thus avoiding code duplication. A switch also selects the fuel power for the current mode and feeds it back for comparison with the fuel power of each of the remaining modes. The Simulink diagram of the optimization module is shown in Figure 3 . The general idea behind optimal gear selection is to compute, for each mode, the optimal operating point and the resulting fuel power, and then to compare the result with the current fuel power. An example of optimal selection is shown in Figure 4 . Fuel power for each of the six modes is on the top part of the plot. In this case, the ones for modes 1 and 5 are of particular interest. At the beginning of the sequence, the selected mode is Main Block: online and offline computation mode 1. However, the fuel power for mode 5 is lower than the one for mode 1. It is therefore more efficient to switch to mode 5, which the controller eventually does. The intermediate modes (4 and 2) are due to the shifting sequence specific to the GM 2-mode transmission.
Figure 4 -Example of Optimal Mode Change
The computations that allow such a mode change are performed inside the main block of the Optimization Module (cf. Figure 3 ), thanks to 6 sub-modules -one for each mode. For a given mode, a sub-module computes the operating points, the minimum fuel consumption achievable in that mode, and compares it to the other modes. A simplified diagram of a sub-module is shown in Figure 5 . Inside a sub-module, the optimal operating point computation block finds the lowest fuel consumption point, either by using the look-up tables described in the following section (Offline EVT Optimization) if the prospective mode is an EVT mode, or by back-calculation using the assumptions about (cf. equation (13)) in the case of a fixed gear. That block is also used to check whether the prospective mode is allowed on the basis of the components' speed limitations. If the prospective mode is also the current mode, the torques and speeds will be "targets" used by the propelling controller, while the fuel power will be assigned to the current mode, which is later used in other sub-modules for comparison. against the current one. If the current fuel power is higher than the fuel power for the prospective mode and if other conditions (preventing excessive mode changes, cf. Techniques to limit excessive mode change below) are met, that particular mode is "submitted" as a potential candidate for next mode. The final comparison between all such candidates and the decision to change the mode accordingly are made outside the Optimization Module, in the Mode Selection block F (cf. Figure 2 ).
Offline EVT Optimization Equation (15) cannot be solved analytically since the electric power equation (1) is nonlinear (power ≈ torque multiplied by speed) and incorporates variable efficiency through a look-up table. It is therefore more appropriate to use an offline computation to solve it.
A Matlab function was created to generate an optimal engine speed look-up table that can be used in Simulink, indexed by gearbox output speed, battery power, and gearbox output torque. To compute that look-up table, a brute-force algorithm is used. All combinations of engine speed and electric machine torques are taken into consideration. Of all the combinations that verify equations (1), (4) and (5), the one with the lowest fuel power is kept as a solution. The default steps are 10 rad/s for the gearbox output speed, 25 Nm for the gearbox output torque, and 1,000 W for the battery power. This results in a 103,000-element map for mode 1 and a 86,000-element map for mode 2. The look-up tables are used in Simulink; each EVT mode block uses two lookup tables, one for optimal engine torque and another for the optimal engine speed. The knowledge of those two parameters allows us to compute the fuel power and to compare it to the one in other modes. An example of those look-up tables is depicted in Figure 6 . Figure 7 illustrates the efficient areas of operation in each EVT mode. The theoretical efficiency in EVT mode here is the ratio of transmission output power over engine output power , with no electricity provided to the motors. See equation (17). The calculation does not include the mechanical losses of the transmission. 100% efficiency areas correspond to the lack of any recirculation. Only one "island" exists in EVT 1, while there are two in EVT 2: they correspond to the mechanical points in each mode. The drawback of an optimization algorithm is its potential to lead to too many state changes, which is not desirable from a drivability point of view. A straight comparison is thus too limiting for that purpose. Penalties and timers are used to limit excessive state changes. The techniques employed in the controller are presented from here on.
Penalty for Mode Change. For a mode to be selected, it has to result in fuel power that is lower than the current fuel power minus an additional power. In other words, a new mode must be "far better" than the current mode before being selected. See Figure 8 for an example.
Fuel Power Timer. The prospective mode also has to be better for a minimum duration before it triggers a mode change. See Figure 8 for an example.
Penalty Variation Relative to Modes.
It is more costly to switch to some modes than to others, because some mode changes induce intermediate shifts, which takes longer to perform. As a result, instead of a constant scalar value independent of the current and prospective modes, a matrix is used to define the mode-switch penalty for each mode change combination.
Penalty Increase after Mode Change. Intuitively, one would assume it is more acceptable to change the current mode if it has lasted for a long time rather than if it has just occurred for a brief period. That assumption can be translated into a multiplication factor of more than 1 right after the mode change that slightly decreases over time to 1. That multiplication factor is applied to the prospective mode fuel power. Penalty Increase at Higher Speeds. Because more mechanical power comes into play at higher speeds, oscillations are more likely to occur. A variability toward speed can thus be introduced, consisting of a penalty multiplication factor that is 1 at low speeds and higher at higher speeds.
Reserve Torque Prediction. In rare cases, a prospective mode would be better than the current mode but would result in very little reserve torque. If the driver power was to further increase, it would result in another mode change. A filtered value of the torque demand derivative can be used to estimate the torque reserve in a short horizon, and if it is too low, the prospective mode will not be engaged.
Minimal Time before Gear Change. A timer prevents a mode change from occurring for a certain time after the last mode change. 
MODE AND TORQUE DEMAND CALCULATION
The mode selection depends on the powertrain state. If the engine is shut down, the first mode (input split) is selected. If the engine is ON and the driver is braking, a rule-based control selects the mode: whichever fixed gear was engaged before braking, or mode 2 at higher speeds and mode 1 at lower speeds. If the engine is ON and the driver is requesting positive torque, the mode is selected on the basis of the fuel power calculated in the optimization module. When there is at least one prospective mode that is "better" than the current mode, all the possible candidates for the next mode are compared, and the one with the lowest fuel power is selected.
When in propelling mode, the torque demands of the engine and both electric machines are computed in dedicated proportional-integral-derivative (PID) controllers. For each component, the torque demand is the sum of a target torque and of a PID speed regulator factor, which adjusts the speed of the component to match it with a target speed. If the engine is OFF, EV mode targets are computed by using equations (4) and (5), assuming zero engine speed and torque. If the engine is ON, the target speeds and torques previously computed in the optimization module are used. Electric motors and mechanical braking torques in braking mode are computed in a separate block. A final torque split acts as an advanced switch and selects the appropriate computed torques according to the driving mode. Prospective mode is "much" better than current but not for long enough Prospective mode is "much" better than current mode for a "long enough" duration Prospective mode is better than current but "not enough"
Penalty
SIMULATION RESULTS
URBAN AND HIGHWAY CYCLE OPERATIONS
In urban driving, vehicle operation alternates between all-electric mode (engine OFF) and hybrid mode (engine ON). Figure 9 (Left) depicts the mode as well as the engine torque and speed on a portion of the urban cycle. The vehicle starts moving in all-electric mode before the engine kicks on and starts providing torque. The engine remains ON until the vehicle stops accelerating, at which point the driver power demand is low enough to allow the engine to shut down. The engine starts again with the acceleration that follows. The engine speed remains relatively constant when the engine is ON. On the urban dynamometer driving schedule (UDDS), as shown in Figure 10 , the transmission mode that is used most often is the input split, since it is the only mode allowed in EV operation. The fourth mode (second fixed gear) is often used when the engine is ON. During the high-speed portions of the cycle, both highest gears (third and fourth fixed gears) are used. There are 37 engine starts. Figure 11 shows that mode 5 (third fixed gear) is used predominantly during the first "hill" of the cycle, while the highest fixed gear is used during the second hill, which also corresponds to a higher-speed area. The first mode (input split) is used only in some low-speed, low-acceleration areas or during EV operation. There are only 4 engine starts. 
COMPARATIVE ANALYSIS
The vehicle was also simulated on other standard drive cycles: the new European driving cycle (NEDC), which is the European certification cycle; the LA92, a more aggressive urban (California) cycle with some short highway cycles; and the US06, a highly aggressive cycle predominantly at high speed. The fuel economy/consumption figures are reported in Table 3 . Figure 12 shows that the repartition of used modes varies greatly as a function of the drive cycle. Mode 1 is highly used in urban driving (UDDS, LA92, NEDC). When the cycle is more aggressive, mode 2 is also used (LA92, US06). Highway cycles favor the use of fixed gears. It must be underlined that the optimization takes into account the efficiencies of the components, and the lookup tables for the Tahoe components are not available; the engine efficiency map was approximated using response-surface methodology. As a consequence, the results may be different from the one observed in the actual vehicle or if look-up tables from the actual components were used. Table 4 shows the efficiencies of all three power sources. It is interesting to note that in all cycles, the efficiencies are not particularly high. This is due to the system optimization, which does not necessarily result in optimal operations of individual components. 
CONCLUSIONS
A practical implementation of instantaneous optimization for a multimode hybrid vehicle is presented and applied to the Chevrolet Tahoe Hybrid model. It combines some classic hybrid control rule-based functions (engine ON/OFF, battery SOC control) with an instantaneous optimization module that at each time-step selects 1/ the mode with the greatest fuel-efficiency potential and 2/ the most efficient operating point when the vehicle is in either EVT mode. Because of the combination of rule-based and optimal control, this type of optimization can be labeled as "partial" instantaneous optimization.
The rule-based controls are limited to the well-known engine ON/OFF and battery SOC control functions, which are relatively easy to tune. The optimal mode selection takes into account the engine and both electric machines efficiency, so that it is really the system as a whole that is optimized. The structure of the algorithm is such that any change in the parameters of the vehicle -e.g. different gear or planetary ratios -can be taken into account by a simple recompilation of the look-up tables. If the structure of the MMEVT is modified (different number of modes, or different repartition between EVT and fixed gear modes), the changes to the system are relatively limited. That makes such a controller useful in a development phase where the configuration of the transmission can be open.
The controller was developed in PSAT, using dynamic plant models and a forward-looking model scheme, which follows the real-world chain of decision. It includes controls to limit excessive mode and engine state changes. Results show that the control works well under various conditions, from the mild UDDS to the aggressive US06 cycles, with acceptable values for engine starts and mode changes. As a consequence, the control algorithm is implementable in a real-world vehicle, and can be applied to any type of multi-mode EVT transmission.
Further work will include the development of other optimal controllers to further understand the limitations of each technique. In particular, the "full" instantaneous optimization where the optimization also encompasses the battery SOC management will be looked at. A quantitative and qualitative study comparing different controls and their respective fuel consumption achievements will also be presented. 
